Hemiarthroplasty in young patients has the potential for eliminating bearing wear, but has the disadvantage of cartilage wear. Low-temperature isotropic (LTI) pyrolytic carbon reportedly reduces cartilage wear in canine hemiarthroplasties. We therefore initiated a study in humans when it was released for human use. However, we observed failures in some patients. We therefore document and report the high failure rate observed in a subset of patients treated with an LTI pyrolytic carbon femoral head for osteonecrosis. We conducted a prospective pilot study of 17 patients treated with a titanium stem and an LTI pyrolytic carbon femoral head bearing surface for unipolar hemiarthroplasty for either femoral neck fracture (10 patients) or osteonecrosis (seven patients). One of 10 patients in the fracture group underwent conversion to THA as a result of arthritic progression compared with six of seven patients with osteonecrosis who underwent conversion to THA as a result of acetabular wear and severe groin pain. In this small series, patients with osteonecrosis had a higher rate of revision compared with the patients treated for femoral neck fracture.
Introduction
Although hemiarthroplasty is a well-established treatment for femoral neck fractures [22, 32] , it has produced mixed results for treatment of osteonecrosis (ON) of the hip [1-5, 21, 32, 39] . Treatment options for patients with ON include arthrodesis [24] , artificial and biologic surface replacement [1] , core decompression with nonvascularized or vascularized bone grafting [28, 31, 40] , THA [4, 5] , and hemiarthroplasty [1, 3, 21] . Controversy exists regarding whether THA or hemiarthroplasty should be the principal treatment for patients with Ficat and Arlet [15] Stage III ON of the femoral head [1-5, 14, 21, 39] .
Hemiarthroplasty in younger patients has the potential advantage of eliminating bearing surface wear [1-5, 21, 30, 39] and is easily revisable [10] ; however, the reported success rates have ranged from 64% to 87% [10, 21, 25, 26, 49] . Reports indicate hemiprosthetic failure is likely the result of accelerated acetabular erosion resulting in groin pain postoperatively [5, 10, 21] . However, disadvantages of hemiarthroplasty include incidence of groin pain (range, 12%-42%) [4, 21, 26, 27, 44] and head migration (range, 8%-23%) [4, 21, 44] , whereas THA in younger patients is associated with early failure owing to bearing wear and osteolysis [12, 35] . Hemiarthroplasty in younger patients has the potential advantage of eliminating bearing surface wear [1-5, 21, 30, 39] and is easily revisable [10] ; however, the reported success rates have ranged from 64% to Each author certifies that he or she has no commercial associations (eg, consultancies, stock ownership, equity interest, patent/licensing arrangements, etc) that might pose a conflict of interest in connection with the submitted article. Each author certifies that his or her institution has approved the human protocol for this investigation, that all investigations were conducted in conformity with ethical principles of research, and that informed consent for participation in the study was obtained. 87% [10, 21, 25, 26, 49] . Reports indicate hemiprosthetic failure is likely the result of accelerated acetabular erosion resulting in groin pain postoperatively [5, 10, 21] .
LTI pyrolytic carbon is a biomaterial that has been used extensively in cardiovascular and orthopaedic prosthetics such as heart valves [50] and metacarpal and metatarsal joint replacements [46] . The use of this material in phalangeal joint replacement has been associated with decreased pain, increased range of motion, and a 10-year survival rate of 81.4% [6, 38, 43] . Canine hip studies using LTI pyrolytic carbon hemiarthroplasty suggest decreased acetabular cartilage wear compared with metal heads [8, 29, 30, 47] . One study [8] examined cartilage degeneration in 45 dogs that underwent hemiarthroplasty with three articulating surface materials: (1) LTI pyrolytic carbon; (2) cobalt-chromiummolybdenum alloy; and (3) titanium alloy. The LTI pyrolytic carbon group had a 92% acetabular cartilage survival probability, whereas the cobalt-chromium-molybdenum and titanium alloy groups had only a 20% probability for survival. Another study [23] evaluated the effect of pyrolytic carbon and cobalt-chromium hemiarthroplasties on a surgically created full-thickness defect in the knee cartilage of adult Beagles. One year after implantation, cartilage surface cracks were seen in 100% of the metal implants compared with 14% in the carbon specimens. In addition, fibrocartilage regeneration was seen in 86% of the carbon implants and in only 25% of the metal ones [23] . In 1990, An LTI pyrolytic carbon femoral head hemiarthroplasty was approved for human use and incorporated into our practice for treatment of patients with femoral neck fractures or ON of the femoral head. Based on the animal studies, we anticipated we eventually would see low wear rates, however we began to see failures in some patients.
The purpose of this study therefore was to document and report the high failure rate observed in the subset of patients treated with an LTI pyrolytic carbon femoral head for ON.
Materials and Methods
We conducted a prospective pilot study of 17 patients treated with a titanium stem and an LTI pyrolytic carbon femoral head bearing surface for unipolar hemiarthroplasty for either femoral neck fracture (10 patients) or ON (seven patients) between February 1990 and May 1993. The 10 patients with a fracture were a mean age of 75.5 years (range, 62-94 years) and the seven patients with ON were a mean of 35.1 years (range, 18-55 years). Patients with ON had Ficat and Arlet Stage III, which is characterized by flattening out of the femoral head while the joint space is maintained ( Fig. 1 ), whereas those with a femoral neck fracture had either a Garden [16] III or IV subcapital fracture (complete fracture with partial or complete displacement of fracture fragments) ( Fig. 2 ). In patients with ON, medical records indicated a well-maintained joint space, and Harris hip scores [20] (mean, 34.4; range, 24.7-54.0) indicated severe daily pain and failed response to nonoperative treatment. All patients were candidates for traditional hip arthroplasty. The minimum followup for patients with fracture was 6 months (mean, 23.3 months; range, 6-78 months); the minimum followup for patients with ON was 6 months (mean, 17.6 months; range, 6-41 months). Two patients in the fracture group and one patient in the ON group died before 2 years of followup, but no others were lost to followup. We had prior Institutional Review Board approval.
After patient consent, we performed unipolar hemiarthroplasty using a direct lateral approach [1] . Intraoperative observation revealed grossly intact acetabular cartilage. In unipolar hemiarthroplasty, the femoral head component articulates directly with the acetabular cartilage [45] . Each patient received either a press-fit or cemented, proximally porous-coated, titanium alloy Intermedics APR 1 II stem (Intermedics Orthopaedics, Inc, Austin, TX) with a modular pyrolytic carbon-coated head. Patients with poor bone stock, Dorr Type [13] C, were implanted with a cemented stem, whereas those with normal bone stock, Dorr Types A and B, received a press-fit stem. The Dorr bone classification describes the variation in femoral anatomy with Type A bone having a narrow canal and thick cortical walls and Type C bone having a wide canal and thin cortical walls. Type B bone is between Types A and C with a moderate canal with moderate cortical walls. The experimental component provided by the manufacturer was fabricated by depositing a 0.5-mm thick LTI pyrolytic carbon layer, at 1200°C, onto a graphite substrate preformed into a modular femoral head component [26] . The pyrolytic carbon contained a silicon alloy and had a surface porosity of 5 to 10 lm. The elastic modulus of pyrolytic carbon (13.7 GPa) [7] was similar to human cortical bone (13.7 GPa) but much lower than certain prosthesis materials (eg, 186-GPa zirconia) [41] . The graphite substrate had an elastic modulus of 11 GPa and compression strength of 137.9 MPa. Together, the graphite substrate and pyrolytic carbon coating produced promising mechanical properties (wettability, brittleness, and hardness) for use in hemiarthroplasty.
Postoperative rehabilitation was performed according to a standardized protocol, which used home health physiotherapy including a walker, limited weightbearing up to 20 pounds for the first 6 weeks, and progressed as tolerated thereafter. Patients were followed up at 3 months, 6 months, assessment for radiolucency around fixation surfaces, progressive radiolucencies, pedestal formation, implant migration, or joint space narrowing. In patients who underwent revision surgery, direct assessment of femoral component stability was performed at the time of the operation by the surgeon.
Results
One patient (10%) in the fracture group underwent conversion to THA 6.5 years postoperatively as a result of severe pain and arthritic progression. Five of the seven patients with ON (71.4%) underwent conversion to THA at a mean of 22.2 months postoperatively (range, 6-51 months), owing to severe groin and gluteal pain ( Table 1) . At revision surgery, all five patients had accelerated acetabular wear as assessed by direct observation.
Of the two remaining patients, one died 10 months postoperatively secondary to renal failure and was unavailable for long-term followup. This patient had ON develop as a result of renal transplantation, and the implant material had no indication or relevance to his death. The other patient had conversion to THA 55 months posthemiarthroplasty owing to arthritis progression with protrusion. In this patient, the stem was retained, but the head was exchanged to match the acetabular cup. Gross inspection of the retrieved modular heads revealed no evidence of surface disruption, delamination, or third-body particles. Operative findings were most consistent with arthritis progression as evidenced by cartilage thinning and eburnation in all cases. All femoral components but one were stable and retained at the time of revision surgery. Revision or conversion to THA was performed to treat the pain and acetabular wear seen in the patients with failed prostheses. Severe groin and gluteal pain was the primary reason for revision. 
Discussion
Hemiarthroplasty in young patients has the potential for eliminating bearing wear, but has the disadvantage of cartilage wear. LTI pyrolytic carbon, an inert biomaterial has been used extensively in various human devices and reportedly reduces cartilage wear in canine hemiarthroplasties. We therefore initiated a prospective study in humans in 1990 when it was released for human use as a hemiarthroplasty. However, we unexpectedly observed failures in some patients. In this study, we documented and reported the high failure rate observed in the subset of patients treated with an LTI pyrolytic carbon femoral head for ON. The limitations of this study were the small sample size, lack of a control group for the type of implant, short-term followup, and difference in age between the two groups. Despite these limitations, we believe the information is important because of the high failure rate in patients with ON. The patients in the ON group were younger and possibly more active, presumably affecting articular wear. Another possible reason for the higher failure rate in our series of patients with ON, when compared with previous reports of hemiarthroplasty for ON, was the device in our study was unipolar, whereas bipolar hemiarthroplasties were reported in previous studies. Because of the high failure rate in the first 17 enrolled patients and the existence of an already successful treatment for fractures at our clinical site (THA with a metal alloy implant), no additional implantations were performed and the study was closed. We did not characterize the prehemiarthroplasty acetabular cartilage histologically between the two groups; any differences between the two might have had an effect on the early failures.
Hemiarthroplasty using metal alloys is a highly successful treatment for femoral neck fractures [17, 19, 42] . The use of unipolar and bipolar hemiarthroplasties for durable treatment of femoral fracture is well documented [9, 33, 37, 48] . Compared with the treatment of fracture, however, treatment of ON with hemiarthroplasty has not produced consistent and effective results. Reported failure rates have ranged from 0% to 50% with high incidences of pain, cartilage wear, and femoral head migration being noted [1-5, 12, 21, 32, 39] . Our data support the use of hemiarthroplasty with a pyrolytic carbon-coated endoprosthesis for treatment of femoral neck fractures but not for ON.
In the current literature, hemiarthroplasty for treatment of ON has been limited to bipolar devices with few articles providing results of unipolar implants. Ito et al. [21] examined 48 hips (mean age, 37 years) with ON treated with either cemented or uncemented primary bipolar hemiarthroplasty at an average followup of 11.4 years. They reported a 42% radiographic failure rate, 25% revision rate, and 42% occurrence of groin pain. Lee et al. [27] compared 40 cementless bipolar hemiarthroplasties and 31 THAs in patients diagnosed with Ficat and Arlet Stage III ON. Although there were no reported revisions (mean followup, 8 years), they observed patients with bipolar hemiarthroplasties had higher incidences of gluteal and groin pain and a higher rate of femoral head migration. Cabanela [4] reported patients with ON treated with bipolar prostheses had a higher incidence of complications and underwent more revision procedures in comparison to patients who had THAs. These high incidences of gluteal pain, groin pain, and revision observed in patients with ON also were seen in the patients with ON in our study but to a higher degree (71.4% groin pain, 85.7% revision rate) with a similar patient age (mean, 35.1 years).
Conversely, other authors have reported low failure rates and excellent pain relief when using hemiarthroplasty as a treatment for patients with ON. Grevitt and Spencer [18] noted only one failure in 22 patients (mean followup, 40 months) produced an average postoperative Harris hip score of 88 and all patients had pain improvement. Chan and Shih [5] performed bilateral THAs and hemiarthroplasties in 28 young patients with Ficat and Arlet Stage III ON (with Grade 0 or 1 cartilage). They reported the hemiarthroplasty side produced satisfactory results (Merle D'Aubigné and Postel [11] score 15 or greater) and no differences between the groups in terms of clinical result, thigh pain, groin pain, osteolysis, dislocation, or revision rate. Their study suggested hemiarthroplasty as a reasonable alternative to THA. Thus, it is controversial whether hemiarthroplasty or THA should be the preferred treatment for patients with ON. Although hemiarthroplasty has been associated with groin pain [4, 21, 26, 27, 44] and head migration [4, 21, 44] , the treatment would be beneficial in young patients if acetabular wear could be substantially reduced. LTI pyrolytic carbon hemiarthroplasty showed substantially less wear than titanium or cobalt chromium-molybdenum alloys in a canine model [8] . This benefit was anticipated but not realized in our human hemiarthroplasty application.
Ceramics have been studied as prosthetic materials for more than 30 years and have emerged as promising materials for THA by providing smoother surfaces that reduce bearing surface wear [46] . Reducing this wear is of particular concern for younger, more active patients in whom arthroplasty is now performed more frequently. The material properties of LTI pyrolytic carbon appear to make it an ideal ceramic-like material for use in orthopaedic prostheses. Originally conceived to contain gas emissions in the 1970s, the material is extremely resistant to fatigue failure [36] . The modulus of elasticity (13.7 GPa), which is controlled by adjusting silicon content, is similar to that of cortical bone (13.7 GPa). Thus, it is theorized pyrolytic carbon can minimize the deleterious effects of stress shielding seen for materials with elastic moduli greater than that of bone (ie, alumina, zirconium, titanium, cobaltchromium, and stainless steel). In addition, LTI pyrolytic carbon has excellent biocompatibility, wettability, and good fixation with direct apposition to bone [36, 46] .
Our pilot data suggest an endoprosthesis with a LTI pyrolytic carbon-coated femoral head can have outcomes comparable to published outcomes for treatment of femoral neck fractures but is not effective for patients with ON. The patients with ON had normal joint space according to medical records, which was indicative of normal acetabular cartilage thickness. However, because we did not perform cartilage biopsy at the time of revision, the disease state was unknown as a contributory factor.
Future application of pyrolytic carbon in hemiarthroplasty still may have promising potential as suggested by the results in our fracture group. Subsequent to this study, the manufacturing process changed in that silicon alloy has been removed from the pyrolytic carbon and thus increased the surface finish (improved wettability and wear resistance; decreased friction) of the biomaterial. Although lowmodulus ceramic-like materials appear valuable for THA [34] , pyrolytic carbon hemiarthroplasty for ON was not successful in this pilot study and its use for unipolar treatment in patients with ON is not recommended.
